New Rb-Sr, 146,147 143 Nd and Lu-Hf isotopic analyses of Mg-suite lunar crustal rocks 67667, 76335, 77215 and 78238, including an internal isochron for norite 77215, were undertaken to better define the time and duration of lunar crust formation and the history of the source materials of the Mg-suite. Isochron ages determined in this study for 77215 are: Rb-Sr = 4450 ± 270 Ma, 147 Sm-143 Nd = 4283 ± 23 Ma and Lu-Hf = 4421 ± 68 Ma. The data define an initial 146 Sm/ 144 Sm ratio of 0.00193 ± 0.00092 corresponding to ages between 4348 and 4413 Ma depending on the halflife and initial abundance used for 146 Sm. The initial Nd and Hf isotopic compositions of all samples indicate a source region with slight enrichment in the incompatible elements in accord with previous suggestions that the Mg-suite crustal rocks contain a component of KREEP. The Sm/Nd-142
Introduction
The time and duration of lunar highlands crust formation plays an unusually important role in models for lunar origin because of the suggestion that much of the highlands crust grew by plagioclase flotation from a crystallizing magma ocean [1] . In the magma ocean model for the Moon, an initially extensively molten Moon first crystallized mafic silicates that sank into the mantle to form the source regions of much later mare basalt magmatism [2, 3] . After some 70-80% crystallization of the magma ocean, plagioclase began to crystallize from what was by then a dense iron-rich differentiated magma leading the plagioclase to float to form the ferroan anorthosite (FAN) clan of lunar highlands rocks [4] . The extraction of plagioclase from the magma ocean imprinted the later mafic cumulates in the lunar interior with a deficiency in Eu relative to neighbouring rare earth elements (REEs) that is reflected in the negative Eu anomalies of some mare basalts [5] . Further crystallization resulted in a residual liquid strongly enriched in incompatible elements that was given the name KREEP for its enrichment in potassium, REE and phosphorus, among many other incompatible elements [6] . The final component of the lunar highlands crust is a group of plagioclase-rich rocks that are distinguished from FANs by their higher Mg/Fe ratios, the presence of abundant mafic phases, and substantially higher incompatible element contents. This group of highlands rocks is known as the Mg-suite [7] . The parental magmas to the Mg-suite cumulate rocks usually are assumed to be partial melts of cumulates in the lunar interior [8] , although an alternative is that the parental magmas originate from large impacts [9] .
Where chronology enters the picture is that the magma ocean model predicts stratigraphic relationships in the rocks crystallized from the magma ocean. In this model, the mafic cumulate sources of the mare basalts form first, followed shortly by FANs, then by KREEP. The mare basalt source age and ferroan anorthosite age should be similar given the rapid crystallization of a magma ocean devoid of a thick, insulating crust [10] . Crystallization to the point of forming KREEP could take longer, perhaps up to 150 Ma [11] , because of the high radioactive heat-producing capacity of KREEP and the fact that this last portion of magma ocean crystallization would take place with the surface boundary insulated by the thick highlands crust. If they indeed are later igneous intrusions into the crust, the Mg-suite rocks should yield ages no older than those of the FANs although a range to younger ages might be expected. Accurate chronology for lunar highlands rocks thus has the potential to test both whether the magma ocean model is correct and, if so, constrain the time of initial differentiation of the Moon. Figure 1 illustrates that the age range of Mg-suite rocks is large and extends to relatively young (e.g. 4.18 Ga) ages. The oldest Mg-suite rocks overlap with the age range reported for FANs. How much of the age range of both the FANs and the Mg-suite reflects the true range of crystallization ages of crustal rocks as opposed to later metamorphic disturbance has been the subject of much work [14, 21, 23, 28, 29] . Obtaining convincingly accurate and adequately precise ages for lunar crustal rocks has proved difficult. Neither the Mg-suite nor FANs contain high closure temperature U-rich minerals, such as zircon that has proved itself as a precise and accurate chronometer of igneous rock crystallization. FANs have extremely low incompatible element contents, and because all the long-lived radioactive chronometers, except Re-Os, involve incompatible elements, analyses of FANs are unusually susceptible to both laboratory blank and natural contamination. FANs also are composed primarily of plagioclase, to the point that the presence of even minor mafic phases is interpreted as a sign of a polymict nature [30] . Mg-suite samples have much higher incompatible element abundances and mafic phases that clearly crystallized from the same parental magma as the plagioclase. Many Mg-suite samples show evidence of shock metamorphism including formation of maskelynite and the presence of impact melt glass. Finally, exposure of the lunar surface to cosmic ray irradiation produces secondary neutrons that can substantially influence the isotopic composition of samples that have long exposure histories, with important consequences for 146 Sm- 142 Nd and Lu-Hf results [31] [32] [33] [34] [35] . (8) 67075 (7) 60025 (6) 67215 (4) Y86032 (5) 60025 (3) 62236 (1) 60016, 3A (2) (a) (9) 73255 (10) 15445,247 (11) 76535 (12) 76355 (13) 76535 (14) 77215 (15) 77215 (16) 78238 (17) 78236 (10) 78236 (18) 15445, 17 (11) FAN range [12] ; 2-Marks et al. [13] ; 3-Borg et al. [14] ; 4-Norman et al. [15] ; 5-Nyquist et al. [16] ; 6-Carlson & Lugmair [17] ; 7-Nyquist et al. [18] ; 8-Alibert et al. [19] ; 9-Carlson & Lugmair [20] ; 10-Carlson & Lugmair [21] ; 11-Shih et al. [22] ; 12-Lugmair et al. [23] ; 13-Edmunson et al. [24] ; 14-Borg et al. [25] ; 15-this study; 16-Nakamura et al. [26] ; 17-Edmunson et al. [27] and 18-Nyquist et al. [28] .
Given these issues and the importance of lunar crustal chronology to the understanding of Moon formation and early differentiation, we have been revisiting the lunar highlands sample collection in order to apply modern analytical approaches that involve several different isotope systems and the improved precision of modern mass spectrometric techniques in an attempt better illuminate the correct interpretation of both the ages and initial isotopic compositions of lunar highlands rocks. This paper reports results for Rb-Sr, 146, 147 143 Nd and Lu-Hf measurements of whole rock samples of feldspathic lherzolite 67667, cataclastic magnesian anorthosite 76335 and norite 78238 along with minerals separated from the Mg-suite norite 77215 and compares the results with recent data for other highlands rocks to derive constraints on the early history of the Moon.
Sample descriptions and previous chronological results
Troctolitic anorthosite 76335 consists of 88% plagioclase and 12% olivine with a number of trace phases including minor orthopyroxene, chromite and phosphate [36] . 76335 provided a Sm-Nd age of 4278 ± 60 Ma with an initial ε 143 Nd of 0.06 ± 0.39, but the rock has been significantly shocked as indicated by disturbed Rb-Sr systematics [24] . Cumulate norite 78238 is one of several (78235-78238) that were sampled from a glass covered noritic boulder at Apollo 17, station 8. The rocks are about 50 : 50 plagioclase and orthopyroxene with accessory minerals including clinopyroxene, phosphates and veins of shock-melted glass [37] . This group of rocks have been the subject of many chronological investigations including Ar-Ar (4.11 ± 0.02 Ga, [38] ); Rb-Sr (4.38 ± 0.02, [28] ; 4.37 ± 0.05, [27] ); Sm-Nd (4.43 ± 0.05 Ga, [28] ; 4.34 ± 0.04 Ga, [21] ; 4.33 ± 0.04 Ga, [27] ) and U-Pb (4.43 ± 0.06 Ga, [39] ), all of which show disturbance due to the shock this rock has experienced. Apollo 16 feldspathic lherzolite 67667 consists of 50% olivine, 21% orthopyroxene, 5% clinopyroxene, 23% plagioclase and 1% ilmenite [40] . As with most highlands samples, 67667 displays ample evidence of shock. 67667 has been dated by Sm-Nd at 4.18 ± 0.07 Ga with an initial ε 143 Nd of 0.8 ± 1.6 [20] .
Apollo 17 sample 77215 consists of a number of brecciated pigeonite-anorthite cumulate clasts cut and surrounded by melt rock. Chao et al. [41] concluded that 77215 crystallized and cooled slowly at a depth of approximately 10 km and was then excavated by an impact and mixed with impact melts of similar noritic composition. They suggest further that 77215 may have been derived from the same parental magma as 78238 and related norites. Ar-Ar study of subsample 77215, 45a provided ages of 3.96 to 4.05 Ga, interpreted as the time of impact excavation [42] . Nakamura et al. [26] reported Rb-Sr and Sm-Nd results for 77215. Correcting their data to a value of 87 Sr/ 86 Sr = 0.71025 for the NIST-987 standard and refitting the data using Isoplot [43] and a 87 Rb decay constant of 1.402 × 10 −11 yr −1 [44] , their Rb-Sr results for all splits define a scattered array (MSWD = 203) with slope corresponding to an age of 4313 ± 320 Ma with initial 87 Sr/ 86 Sr = 0.6997 ± 0.0012 (errors at the 95% confidence level). The two high-density separates analysed are the primary cause of scatter on the isochron. Excluding these two points from the line fitting, the remaining eight data points define a reasonably precise (MSWD = 2.6) isochron of age 4371 ± 52 Ma with initial 87 Sr/ 86 Sr = 0.69910 ± 0.00013.
Accounting for interlaboratory bias in the Sm-Nd data of Nakamura et al. [26] is difficult for a number of reasons. They report data for a variety of standards, but none of the standards measured in the USGS laboratory at that time were measured by other groups, making it impossible to directly compare measured 143 Nd/ 144 Nd data. Their Nd data are fractionation corrected to 142 Nd/ 146 Nd, which is sensitive to interference from 142 Ce and also propagates the variable 142 Nd abundance caused by decay of 146 Sm into the 143 Nd/ 144 Nd ratio. Nakamura et al. [26] report significant 142 Ce interferences in the range of 10 −4 -10 −5 . The effect of variable 142 Nd is small because of the limited 142 Nd variation in a lunar rock of this age. With their fractionation scheme, the 146 Nd/ 144 Nd they measure in standards is 0.72198, which is higher than the 0.7219 value now used by most workers for fractionation correction of Nd isotope ratios. Re-correcting their data for mass fractionation to 146 Nd/ 144 Nd = 0.7219 will raise their reported 143 Nd/ 144 Nd values by a factor of 1.000055. Nakamura et al. [26] report data for a whole rock aliquot of the Juvinas eucrite, which can serve as another comparison with modern Sm-Nd data assuming that the Juvinas point lies on a 4.56 Ga isochron that passes through the average chondrite data of Bouvier et al. [45] . The Nakamura et al. ' Nunes et al. [46] report U-Pb results for whole rock and mineral separates from 77215. Recalculating their results using Isoplot provides a highly scattered Pb-Pb array of age 4417 ± 130 Ma using all data points. At the radiogenic end of the array, data for pyroxene have substantially lower 207 Pb/ 206 Pb at higher 206 Pb/ 204 Pb than do whole rock measurements. A line fit to the whole rock and plagioclase data alone provides an age of 4377 ± 210 Ma (MSWD = 22), while a line fit to the plagioclase and pyroxene data alone provides an age of 4007 ± 360 Ma (MSWD = 1055). Both the scatter and young age of the pyroxene-plagioclase tie line suggest substantial disturbance of the U-Pb system in the mafic phases of 77215, something that is also observed in the Rb-Sr data of Nakamura et al. [26] .
Procedures
Whole rock chips were crushed to powder in an agate mortar. A 143 mg aliquot of 77215 was crushed in an agate mortar and sieved to obtain 71.6 mg of a size fraction between 106 and 250 µm. The less than 106 µm fraction was used both for the total-spiked whole rock measurement with a separate aliquot (26.2 mg) dissolved and processed without spike. The sieved fraction was passed through a Frantz isodynamic separator in order to separate plagioclase from mafic phases. The final non-magnetic fraction consisted primarily of plagioclase with a small percentage of black grains that were removed by hand picking. The pyroxene fraction contained a fair amount of plagioclase and so was crushed further, sieved and passed again through the Frantz magnetic separator followed by a final handpicking to remove impurities.
Samples were weighed into 15 ml Savillex PFA Teflon beakers to which appropriate quantities of isotopically enriched 87 Rb, 84 Sr and mixed 150 Nd-149 Sm and 176 Lu-178 Hf spikes were added. For this work, a highly enriched 150 Nd (99.988 atom %) spike was used that allowed determination of the 142 Nd/ 144 Nd ratio for total-spiked samples with only minor correction needed for spike contribution to the isotopic composition. This newly prepared mixed Sm-Nd spike was calibrated against the same standard solutions prepared from AMES Sm and Nd metal used in the work of Boyet & Carlson [47] . The most recent calibration of the Lu-Hf spike, done in September 2013, showed Lu and Hf concentration reproducibility in four independent calibrations of 0.12% and 0.04%, respectively.
A blank, treated identically to the samples, but without sample added, was run in parallel with the samples. Sample digestion followed procedures described in Carlson et al. [48] and Boyet & Carlson [47] . The total procedural blank measured during this analysis period is Rb = 318 pg, Sr = 91 pg, Nd = 10 pg, Sm = 1.9 pg, Lu = 1.6 pg and Hf = 50 pg. These blanks are less than 0.12% of the analysed sample amounts for all Sr, Sm, Nd, Lu and Hf analyses. Rb blanks are less than 0.3-2.7% (77215 pyroxene) of the analysed amounts. Blank corrections have been made for all analyses.
A second whole rock Lu-Hf analysis of 77215 was performed at LLNL on a separate sample aliquot. After complete dissolution using Parr digestion vessels, the sample was split and one aliquot was spiked with a mixed 180 Hf-176 Lu tracer. Hafnium was purified following the procedures of Connelly et al. [49] . The REE cut from the cation exchange column was passed through an α-hydroxyisobutyric acid column (0.1 M, pH = 4.10) to purify Lu. Purified Hf and Lu were analysed on the Nu Plasma HR MC-ICP-MS at LLNL.
Sr, Nd and Sm isotopic compositions were measured on the DTM Thermo-Fisher Triton thermal ionization mass spectrometer using procedures similar to those described in Carlson et al. [50] and Qin et al. [51] . Each Sr ratio involved 8-s integrations with amplifier rotation used during runs of 262 (77215 pyroxene) to 400 (all other samples) ratios. Signal strengths of 88 Sr ranged from 2.5 × 10 −11 amps for 77215 pyroxene to 10-17 × 10 −11 amps for all other samples.
Nd was analysed as Nd + from double Re filaments using a two-step dynamic routine described in Carlson et al. [50] . The 77215 analyses involved 144 Nd signal sizes of approximately 1.6 × 10 −11 amps for a total of 240 ratios for pyroxene, 270 ratios for plagioclase and 360 ratios for the whole rock. All other whole rock analyses used 144 [25, 34] and showed ε 149 Sm of −27.4 and −13.5, respectively, relative to terrestrial Sm. After correction for the spike contribution to 150 Sm (table 1), and using the 150 Sm-149 Sm relationship for lunar samples with significant neutron capture histories from Boyet & Carlson [52] , the estimated ε 149 Sm calculated from the spiked runs were −27.0, −12.3 and −3.0 for 78238, 76355 and 67667, respectively. For calculating the Sm concentration and the corrections for neutron capture on 142 Nd, the measured unspiked 149 Sm values were used for 77215 and 78238, while for 76335 and 67667, the estimates of the 149 Sm deficit obtained from the spike-corrected 150 Sm values measured in this study were used.
The neutron exposure of these samples required negligible corrections for 77215 and 67667, but the significant neutron exposures seen by 76335 and 78238 required corrections to 142 Nd/ 144 Nd of 11 and 22 ppm, respectively, using the approach of Rankenburg et al. [32] .
Rb, Lu and Hf were measured on the DTM Nu-Plasma-HR, multicollector ICP-MS. Instrumental mass fractionation for Rb and Lu was corrected using standards interspersed with the sample analyses. Signal sizes for 85 Rb were 0.6-2.8 × 10 −11 amps for all samples except 77215 pyroxene (7.9 × 10 −13 amps). Lu signal sizes were between 175 Lu = 0.4 and 2 × 10 −11 amps for all whole rocks, but only 6.5 × 10 −13 amps for 77215 pyroxene and 1.5 × 10 −13 amps for 77215 plagioclase.
Solutions containing Hf were aspirated into the ICP-MS using an MCN-6000 desolvating nebulizer and 50 µl min The stable Hf isotope compositions, after spike correction, for each sample are reported in table 1. Given the limited neutron exposure of 77215 and 67667, concentration and spike correction calculations for these two samples were done assuming stable Hf isotopic compositions equal to those of the terrestrial standard. For 78238 and 76355, concentration calculations were done iteratively first using terrestrial standard Hf, then a Hf isotopic composition adjusted for the 180 Hf/ 177 Hf calculated from the spike corrected value found in the first iterative step. In this second step, the deviation of the sample's ε 178 Hf from the standard was assumed to equal 0.607 times that of the ε 180 Hf based on fitting the lunar basalt data from Sprung et al. [35] . Using the same dataset, the neutron correction to ε 176 Hf = 1.64 * ε 180 Hf and is therefore −0.82 for 76335 and −2.0 for 78238. Results are reported in table 2. All line fitting in this paper is done using Isoplot [43] . Uncertainties assigned to Rb/Sr and Sm/Nd ratios are 0.1% and 0.5%, respectively. Given the small Lu signal sizes obtained for the 77215 mineral separates, the Lu/Hf ratios for the separates are assigned an error of 1% compared with the typical 0.5% for the whole rocks. Age uncertainties are reported at the 95% confidence level. Decay constants used for calculating ages are 87 Rb = 1.402 × 10 −11 yr −1 [44] , 147 Sm = 6.54 × 10 −12 yr −1 [53] and 176 Lu = 1.867 × 10 −11 yr −1 [54, 55] . 146 Sm-142 Nd ages will be compared using decay constants of 6.73 × 10 −9 yr −1 [56] with Solar System initial 146 Sm/ 144 Sm = 0.0084 [57] and the more recently measured value of 1.02 × 10 −8 yr −1 [58] , which requires the Solar System initial 146 Sm/ 144 Sm to be adjusted to 0.0094. Chondrite reference parameters used in this paper are 147 
Results
The Sm-Nd data for 77215 define a 147 Sm-143 Nd isochron of 4283 ± 23 Ma age (MSWD = 3.0) and initial 143 Nd/ 144 Nd = 0.507039 ± 0.000027 for an initial ε 143 Nd = −0.35 ± 0.09 ( figure 2) . The data also define a good linear correlation in Sm/Nd versus 142 [58] . The data reported here are clearly offset to higher 143 Nd/ 144 Nd, or lower Sm/Nd, compared with the data reported by Nakamura et al. [26] . All of the Mg-suite whole rocks, except for 67667, lie within uncertainty of the 146 Sm- 142 Nd line defined by 77215 (figure 2b), but are not used in the age calculation for 77215.
The four Lu-Hf data for 77215 define a linear array (MSWD = 2.6) with a slope that corresponds to an age of 4421 ± 68 Ma with initial 176 Hf/ 177 Hf = 0.27988 ± 0.00004 or initial εHf = −0.5 ± 1.4 ( figure 3 ). The whole rock fraction measured here has a Lu/Hf ratio that does not lie between those of the pyroxene and plagioclase. The three other whole rock Mg-suite data also have been plotted on the 77215 isochron diagram in figure 3, but were not used in the calculation of the 77215 isochron. The whole rock data lie between 0.2 and 1.0 ε above the 77215 isochron, suggesting that these Mg-suite samples share a similar petrogenetic history. Leaving out the much younger 67667, the remaining four whole rock data, for rocks with overlapping internal isochron ages, define a line that corresponds to an age of 4347 ± 29 Ma (MSWD = 0.3) and initial 176 Hf/ 177 Hf = 0.279930 ± 0.000013 (εHf = −0.5 ± 0.5).
The 77215 mineral data define a three point Rb-Sr best fit line with slope corresponding to an age of 4450 ± 270 Ma (MSWD = 2) with initial 87 Sr/ 86 Sr = 0.69888 ± 0.00042 (figure 4). At the low Rb/Sr end of the isochron, the whole rock and plagioclase separates do not plot on the isochron within uncertainty. They define two-point tie lines of 4400 Ma (plagioclase) and 4459 Ma (whole rock) with the pyroxene data. In the three data reported here, as with Lu-Hf, the whole rock has a Rb/Sr ratio that does not lie between the Rb/Sr ratios of the mineral separates implying that there is a phase in the whole rock with sufficiently low Rb/Sr and high Sr content compared with plagioclase to account for the offset of the whole rock point from the plagioclase separate. Our plagioclase separate also has substantially higher Rb/Sr ratio than did the plagioclase analysed by Nakamura et al. [26] . Including the data from Nakamura et al. [26] , after adjusting to a value of NIST-987 = 0.710250 and assigning an uncertainty of ±1% to their reported Rb/Sr ratios, the combined dataset defines an isochron of 4374 ± 45 Ma (MSWD = 2.1) and initial 87 Sr/ 86 Sr = 0.69908 ± 0.00011, leaving off their two high-density mineral separates, which lie well above the line defined by the remaining samples. The other three Mg-suite whole rocks analysed here fall close to the 77215 mineral isochron but are not included in the age determination for 77215.
Discussion (a) 77215 mineral systematics
The small size (143 mg) of the starting sample used here and that (70 mg) used in the study of Nakamura et al. [26] make it unlikely that the 'whole rock' aliquots actually represent the whole rock composition of the 77215 norite. Nevertheless, the Rb and Sr concentrations for the whole rock splits from the two studies are within 14% and 7%, respectively. While the Sm and Nd concentrations differ by 22-24% between the two studies, the whole rock Sm/Nd ratios differ by only 1.7%. The greatest difference between our and the Nakamura et al. 's [26] data is for the Sm and Nd concentration of plagioclase. Our plagioclase separate has approximately twice as much Sm and Nd as did the plagioclase separate analysed by Nakamura et al. [26] , but with nearly identical Sm/Nd ratios. Chao et al. [41] combination of observations to suggest that our plagioclase separate contained a REE-rich phase in addition to plagioclase. One candidate is whitlockite. Chao et al. [41] note that whitlockite is found in the 77215 mesostasis that often is associated with aggregates of plagioclase. Using a Nd concentration of 13 000 ppm and Lu content of 200 ppm [60] as an estimate of the whitlockite REE concentrations in 77215, and the Nd concentrations measured in 77215 plagioclase by Nakamura et al. [26] , the concentration of Nd in our plagioclase separate could be explained by the presence of 0.13% whitlockite. Assuming an Nd/Lu ratio of 340 in the 77215 plagioclase, as seen in plagioclase from Mg-suite troctolite 76535 [61] , then using the same mixing model, 0.13% whitlockite in our plagioclase separate would result in the Lu concentration increasing from 0.046 ppm for pure plagioclase to 0.3 ppm for the whitlockite contaminated separate. The measured concentration is 0.43 ppm, thus the contamination of the plagioclase separate with permil amounts of whitlockite is a possible explanation for the Sm and Nd concentration difference between the plagioclase measured here and that reported by Nakamura et al. [26] .
In combination with the more extensive Rb-Sr dataset reported by Nakamura et al. [26] , this study derives ages for 77215 of: Rb-Sr = 4374 ± 45 Ma, 147 Sm-143 Nd = 4283 ± 23 Ma, 146 Sm-142 Nd = 4348 Ma (103 Ma half-life) to 4413 Ma (68 Ma half-life) and Lu-Hf = 4421 ± 68 Ma.
The 147 Sm-143 Nd age determined here is marginally younger, but within uncertainty of the 4373 ± 69 Ma age determined from refitting the data from Nakamura et al. [26] , but our initial εNd is higher by approximately 2 ε units.
As with many studies of lunar highlands samples, this study finds discordant ages for different isotope systems when applied to exactly the same mineral and whole rock separates. Choosing which age best represents the crystallization age of the rock depends on applying subjective criteria. In reality, none of the ages need to reflect accurate crystallization ages as the lack of concordance from the different systems is a clear indication of disturbance of the radioisotope Additional data (open circles) from Nakamura et al. [26] . Inset shows deviation in parts in 10 000 of the individual data from the best fit line to the data reported here and all but the two high-density separates from Nakamura et al. [26] . Only data for 77215 are used to determine the lines shown in the figure.
systems. For 77215, post-crystallization disturbance of its isotope systematics is clearly indicated by ca 3.9-4.0 Ga ages from both Ar-Ar [42] and U-Pb [46] . Although they give overlapping ages, both the Rb-Sr and Lu-Hf data for 77215 scatter about any best fit line outside of the analytical error of the individual points reflective of disturbance whose effect on the age provided by these systems is uncertain. The most precise age for 77215 is the 147 Sm-143 Nd age of 4283 ± 23 Ma, but this age is the youngest of all the ages determined here. While the Sm-Nd system is commonly suggested to be the most robust to resisting shock-related metamorphic disturbance, all the isochrons reported here depend on data for plagioclase, a mineral with a known low closure temperature and the propensity to turn to glass (maskelyite) during shock events. In addition, the plagioclase measured here, based on its REE concentrations, clearly cannot be pure plagioclase, but likely contains whitlockite, another mineral with a low closure temperature that is thus easily reset by shock. Our conclusion, unfortunately, has to be that the isotope systematics are disturbed and that the best estimate for the crystallization age of 77215 lies between its 4283 ± 23 Ma 147 Sm-143 Nd age and its 4421 ± 68 Ma Lu-Hf age.
This age range for 77215 overlaps with two other recently redated Mg-suite rocks, 76535 ( 147 Sm-143 Nd = 4306 ± 11 Ma [61] ) and 78236 ( 147 Sm-143 Nd = 4334 ± 37 Ma [27] ), and with recently determined ages for FANs 60025 (4360 ± 3 Ma [14] ) and 60016 (4300 ± 32 Ma [13] ). Several Mg-suite samples have provided younger ages, but only three, 15445,17 [22] , 78236 [28] and 74217 [62] have provided ages as old as the older FANs (figure 1). The age determined for 72417 is based on Rb-Sr analyses mostly of different chips from this dunitic clast. The age of 15445 [22] is based on a Sm-Nd isochron that has highly scattered Rb-Sr systematics that do not support the Sm-Nd age. A second clast (15445,247) from the same sample provides a much younger (4.28 ± 0.03 Ga) Sm-Nd age. The old age for 78236 has not been reproduced in other studies of this same sample [21] or its related sample 78238 [27] . Our conclusion is that the available chronological data for Mg-suite and FANs from the lunar highlands are not sufficiently precise, nor free of evidence for shock disturbance, to convincingly resolve either the age range of the FANs or whether Mg-suite rocks extend to ages older than the youngest FANs. What is clear is that none of the highlands samples studied so far provide convincing evidence for their formation prior to ca 4.4-4.5 Ga.
(b) History of the Mg-suite source
Regardless of the actual crystallization age of individual Mg-suite samples, their very elevated incompatible element abundances suggest the influence of a common, and highly differentiated, component in their magmatic source regions in the lunar interior. This is perhaps most clearly shown by the clustering of the initial 87 Sr/ 86 Sr of the individual Mg-suite samples, and FAN 60025, along a single Sr isotope evolution line evolving with 87 Rb/ 86 Sr = 0.035 ( figure 5 ). The estimated 87 Rb/ 86 Sr of KREEP is 0.318 [6] , so the Mg-suite source could not have had such a high Rb/Sr ratio for more than 20-30 Ma prior to the crystallization age of the samples without evolving higher initial 87 Sr/ 86 Sr than measured for the samples ( figure 5 ).
The derivation of the Mg-suite from a common source is supported by the excellent linearity of the whole rock Lu-Hf isochron defined by the data for the three Mg-suite samples with overlapping crystallization ages (excluding the younger 67667). The slope of this line corresponds to an age of 4347 ± 29 Ma with initial εHf = −0.5 ± 0.5. This age has chronological significance only if the three rocks that define the line formed at the same time, from the same source, but we note the close correspondence of this age with the Sm-Nd and Lu-Hf model ages for KREEP [34, 35, 64] . Nd from the average chondrite reference [45] ) and μ 142 Nd (ppm difference between the initial 142 Nd/ 144 Nd and the value the terrestrial standard would have at the formation age of the sample when age corrected on the assumption of a chondritic Sm/Nd ratio). Open circles are literature data as cited in the caption for figure 1 . The open square is the data for FAN 60025 [17] and the filled square for the same sample from Borg et al. [25] [64] . Data for the average 142 Nd/ 144 Nd in enstatite chondrites (EL, EH) from Gannoun et al. [66] . Figure 6a shows that the more recent data for the initial 143 Nd/ 144 Nd of both FAN 60025 and the Mg-suite samples measured here converge towards values that are just slightly below those expected for a source evolving with chondritic Sm/Nd ratio. The new data thus do not support the observation of earlier studies that most highlands rocks had slightly superchondritic 143 Nd/ 144 Nd ratios at the time of their formation. We suggest that this difference likely reflects more accurate Nd isotope analyses obtained from the much larger sample sizes needed in the recent studies to obtain sufficiently precise 142 Nd/ 144 Nd data. The larger sample sizes allowed Nd to be measured as a metal instead of oxide ion, thereby minimizing correction for oxide interferences and Ce and Sm interference that is difficult to extract from Nd-oxide beams. The larger samples also are less sensitive to uncertainties resulting from processing blanks. The Mgsuite samples have Sm/Nd ratios that are too similar to define a precise whole rock isochron. [14] and Borg et al. [61] . Two end member estimates are shown for the bulk-Moon composition, CHUR is the average of ordinary chondrites while EDR is the Early Depleted Reservoir, both defined in Boyet & Carlson [47] . The best fit line to the data passes 9 ppm below the EDR point in 142 Nd/ 144 Nd and hence about 9 ppm higher than the CHUR value.
light-REE-enriched source, consistent with their extreme enrichment in incompatible elements. Assuming that the Mg-suite samples obtained their incompatible elements from KREEP and taking typical estimates of the 147 Sm/ 144 Nd ratio for KREEP (0.168-0.177 [6, 64] ), the source model age for 77215 ranges from 4.38 to 4.42 Ga (figure 6a), ages that overlap the 4347 ± 29 Ma whole rock Lu-Hf isochron for the Mg-suite rocks. Figure 6b ,c shows that the starting point of the lunar data in 142 Nd/ 144 Nd at ca 4.4 Ga appears to be of order 10 ppm lower than that of the accessible Earth, within the range measured for average enstatite chondrites [66] . This could reflect a nucleosynthetically induced offset in the initial 142 Nd/ 144 Nd of the Earth and Moon compared to the average value in ordinary chondrites [51, 67] , but the limited variation in initial ε 143 Nd and μ 142 Nd of the lunar crustal samples also allow the Moon to have an early evolution characterized by a superchondritic Sm/Nd ratio (figure 6c,d [52] formed over a relatively short time interval, as would be predicted by the magma ocean model for initial lunar differentiation. The slope of the best fit line through all the data shown in figure 7 is 0.00198 ± 0.00037, which corresponds to an age of 4416 (68 Ma half-life) to 4352 Ma (103 Ma half-life). The initial 142 Nd/ 144 Nd indicated by this 'planetary isochron' is 9 ppm lower than the accessible Earth would have at this time, within uncertainty of the 7 ppm deficit suggested by Sprung et al. [35] . The statistical uncertainty on the line corresponds to an error in the age on the order of 20-30 Ma. This 'planetary isochron', however, includes magmatic rocks whose measured Sm/Nd ratios almost certainly are different from those of their source rocks due to fractionation accompanying partial melting. Various attempts have been made to correct for the effect of this fractionation [31, 32, 35, 52, 68] . These approaches tend to lessen the slope of the Sm/Nd versus 142 Nd/ 144 Nd trend, making the inferred age younger by as much as 40 Ma. Given that this 'planetary isochron' consists of a wide variety of rock types formed over more than a billion years of lunar history, the true age uncertainty on this correlation is unclear. Nevertheless, the fact that all the data scatter along a similar trend is consistent with the idea that the source regions of all of these lunar rock types formed in a single event of limited duration. Although the absolute age is uncertain, the slope of this correlation clearly indicates that this event did not occur at Solar System formation, but was delayed by some 150-200 Ma. A number of approaches to estimate the timing of the initial differentiation of the Moon return values closer to 4.4 Ga than above 4.5 Ga (table 3) . This age could reflect a late formation for the Moon, a late start to magma ocean crystallization, or possibly that the Apollo lunar sample collection represents not the product of a global magma ocean, but instead a large impact melt 'lake' produced by a huge impact into the Moon, e.g. the proposed Procellarum basin [20, 86] . An argument that this relatively young age may reflect the time of Moon formation is provided by the observation that a variety of approaches to estimate the age of early differentiation events on the Earth also provide ages approaching 4.4 Ga instead of more than 4.5 Ga (table 3) . Concordance of early differentiation ages for the Earth and Moon is most simply explained if these ages are dating the time of the giant impact into the Earth that ejected the materials that now make up the Moon. Some of the terrestrial ages, for example, the Hf-W age of terrestrial core formation and the I-Pu-Xe age of the Earth's atmosphere are older than 4.5 Ga, but these conceivably could reflect memory of the Earth differentiation events that occurred prior to the giant impact and Moon formation [75, 76, 81, 87] . Although all estimates of the time of Earth and Moon formation involve a good deal of interpretation, a number of approaches to estimate the time of earliest Earth and Moon differentiation point more towards ages less than 4.45 Ga than more than 4.5 Ga. The overlapping and relatively young age estimates for several early Earth/Moon differentiation events is compatible with Moon formation by a giant impact into the Earth some 150-200 Ma after the initiation of Solar System formation. This impact is the Moon forming event and likely the last major global differentiation event associated with the Earth accretion.
